The phytochromes (phys) photoreceptors are known to be major regulators of plastic growth responses to vegetation shade. Recent reports have begun to uncover an important role for phys in carbon resource management. Our earlier work showed that phy mutants had a distinct metabolic profile with elevated levels of metabolites including TCA intermediates, amino acids and sugars. Here we show that in seedlings phy regulates the balance between glucose and starch. Multi-allele phy mutants have excess glucose and low starch levels, which is conducive to hypocotyl elongation. 13 C-CO 2 labelling demonstrates that metabolic flux balance in adult plants is markedly altered in phy mutants. Phytochrome reduces synthesis rates of stress metabolites, including raffinose and proline and several typical stress-induced biosynthetic genes related to these metabolites show higher expression in phy mutants. Since growth and metabolism are typically inter-connected, we investigated why phy mutants have severely reduced biomass. Quantification of carbon fixation, biomass accumulation, and 13 C labelling of cell wall polysaccharides established that relative growth rate is impaired in multi allele phy mutants for the first 2.5 weeks after germination but equivalent to the WT thereafter. Mathematical modelling predicts that the altered growth dynamics and final biomass deficit can be explained by the smaller cotyledon size of the multiple phy mutants. This indicates that the established role of phy in promoting seedling establishment has enduring effects that govern adult plant biomass.
Introduction
Phytochrome light receptors are major regulators of growth plasticity, a fundamental characteristic that ensures plants adapt to a changing environment. The shade avoidance response (SAR) is a common adaptive growth strategy in vegetation-rich habitats, where competition for light and other resources can be intense. In Arabidopsis, a rosette plant, SAR features include increased petiole elongation and a reduced leaf blade area. These large changes in leaf architecture require modifications of leaf development and carbon resource management (Yang et al. 2016 ). While we have a good appreciation of the molecular events that underlie the SAR, our knowledge of the concomitant metabolic changes is more rudimentary.
In nature, the light that a plant experiences through a day depends on its proximity to objects that occlude light and in particular its proximity to other plants. Dense vegetation can restrict access to light through shading, while the absorbance properties of plant pigments also elicit changes in light spectral quality resulting in a higher proportion of far-red (FR) compared to red (R) wavelengths. The phytochrome photoreceptors are exquisitely tuned to detect these vegetation-induced changes in light quantity and quality. Phytochromes exist in two isoform states, Pr (R-absorbing) and Pfr (FR-absorbing), which allows them to operate as biological light switches. R light induces Pr photoconversion to the active Pfr form, while FR switches Pfr back to inactive Pr. Thus, changes in the R:FR ratio within vegetation-rich habitats drive the dynamic equilibrium of Pr:Pfr, and the proportion of active Pfr (Rausenberger et al. 2010) . A property known as dark or thermal reversion, which leads to light independent relaxation of Pfr to Pr, is important for phytochrome detection of light fluence rate, particularly under shaded conditions. The low R:FR, and potentially low irradiance conditions of dense vegetation inactivate phytochrome and elicit an adaptive SAR growth strategy (Rausenberger et al. 2010) .
In seedlings, SAR typically results in elongation of hypocotyls, delayed apical hook opening, reduced cotyledon size, and low chlorophyll content (Hu et al. 2013; Chen and Chory 2011; K. A. Franklin and Whitelam 2005; Leivar et al. 2008) . In adult plants SAR features include elongated petioles, smaller leaf blades, increased leaf hyponasty, reduced leaf emergence rate and early flowering (Casal 2013; Halliday 2003) . In Arabidopsis, there are five phytochromes designated phyA-phyE. PhyB is known to have a central role in regulating SAR, indeed phyB mutants have a constitutive SAR phenotype (Reed et al. 2007) . Higher order mutants that lack other phytochromes in addition to phyB, e.g. phyBD, phyABD and phyABDE, exhibit incrementally more severe SAR phenotypes (Yang et al. 2016) .
We have a growing understanding of the molecular and hormonal signalling pathways that underlie SAR. Active Pfr suppresses the activity and / or expression of the PIF (PHYTOCHROME INTERACTING FACTOR) transcription factors, therefore PIFs are derepressed in the shade (Leivar et al. 2012) . In seedlings, PIF4, PIF5 and PIF7 mediate SAR under a low R:FR ratio, low irradiance light, through sequential auxin biosynthesis and signalling phases. Detailed analysis showed that mesophyll cell PIF4 levels correlate with the early rise and subsequent fall of auxin levels. In prolonged low R:FR ratio, PIF4 levels remain elevated in epidermal and sub-epidermal hypocotyl cells, which appears to enhance auxin perception (via ABF3, TIR1 and MIR393) and auxin signalling (via IAA19, IAA29). In adult plants PIF7 appears have a dominant role in regulating SAR, again through auxin biosynthesis and signalling (Mizuno et al. 2015; de Wit, Ljung, and Fankhauser 2015) .
What is becoming increasingly clear is that phytochrome action is interwoven with carbon metabolism and signalling. In Arabidopsis seedlings, phyB and PIF1, PIF3, PIF4 and PIF5 have been shown to have regulatory functions in sucrose promotion of hypocotyl elongation (Stewart, Maloof, and Nemhauser 2011; Lilley-Steward et al. 2012) . Phytochromes are proposed to be involved in promoting root growth by cotyledon-derived sucrose (Kircher and Schopfer 2012) . Work in Brassica seedlings illustrates that the proportion of assimilated carbon that is partitioned to the hypocotyl doubles in response to low R:FR conditions (de Wit et al. 2018) . This low R:FR induced change in carbon allocation is mainly dependent on PIF7, with contributions from PIF4 and / or PIF5. Phloem transport of sucrose by the SUC2 and SWEET11 and SWEET 12 transporters is necessary to fuel hypocotyl elongation in response to low R:FR (de Wit et al. 2018) . Thus in seedlings phys are not only required for altered molecular signalling but also for reprogramming of carbon resource management.
Our published work, and that of others has shown that in phy mutants a broad spectrum of metabolites have altered levels (Yang et al. 2016) . Sugars, TCA cycle components and amino acids, in particular, are more abundant in multi-allele phy mutants (Yang et al. 2016) . We also established that in addition to the well described changes in leaf morphology, phy deficiency compromises biomass production, leading to an 80% reduction in phyABDE mutant rosettes (Yang et al. 2016) . However the regulatory processes that underly phy-control of metabolite levels and plant biomass are currently unknown.
In this paper we analyse the impact of phy-deficiency on metabolic flux using 13C labelling, LC-MS and GC-MS metabolite profiling methods. Our data show that phytochromes play a pivotal role in carbon-resource management, with distinct functions in early and later development. In seedlings phytochromes regulate the balance between glucose and starch, which is important for hypocotyl elongation. In adult plants phytochromes control de novo synthesis of stress metabolites such as proline and raffinose. By using the multi-scale Framework Model, that predicts environmental control of leaf and whole plant growth, we have developed a new system-level understanding of why phy-depletion has such a dramatic impact on plant biomass.
Results phy control of metabolism is developmental stage-dependent
We have previously observed substantial increases in sugars, organic acids and amino acids in adult phytochrome mutants (Yang et al. 2016) . In particular, malate, proline starch and glucose were consistently high in severely phy-deficient mutants. We rationalized that this may not be the case in phy-depleted seedlings that have much lower chlorophyll levels (Hu et al. 2013) and therefore potentially lower rates of carbon assimilation. End of day (EoD) measurements with 10 and 14 day-old seedlings established that multi-allele mutants phyABD, and particularly phyABDE, had lower levels of malate, proline and starch than WT (Ler) seedlings ( Figure 1A -C). However, glucose over-accumulated in the phy mutant seedlings, like in older rosettes ( Figure  1D ) (Yang et al. 2016 ). Since we observed that seedlings but not older rosettes phy mutants have a high water content ( Figure S1A , B) we re-normalized metabolite abundance on DW. While this attenuated the differences between WT and phy mutants, the results were qualitatively similar to the fresh weight normalisation (Figure S1C-F; Figure 1 ). Given this developmental-stage conditionality, we wanted to establish whether the metabolite excess was a consistent feature of adult phy-deficient mutants. Plants were subjected to a range of growth regimes including varying photoperiods (8L:16D, 12L:12D and 16L:8D), irradiance levels (54, 110 or 190 μE) or temperatures (16°C or 22°C) in 12L:12D ( Figure S2A -I). Light and temperature changes were applied only for the last 3 days of the experiment, after growth in standard conditions (18°C, 115µE) to ensure that plants of a similar size and developmental stage are compared. Metabolites were sampled at EoD. In all conditions we observed higher levels of glucose, malate and proline in phy multi-allele mutants compared to WT, the only exception being phyBD in 8L:16D which had similar glucose levels to WT ( Figure  S2A -I). Enhanced levels of glucose, malate and proline were also observed in the Ler and Columbia phyABD mutant lines compared to the respective wild-types , indicating that the effect was not accession-specific.
Since a large proportion of responses to low phy activation are mediated by increased activity of the transcription factors PIF4 and PIF5, we measured a selection of metabolites in p35S:PIF4-HA and p35S:PIF5-HA (Lorrain et al. 2008 ). Both lines showed increased metabolite levels, but this was not the case for the hy5 mutant, a positive phy signalling element ( Fig S2M-O) .
As phy-deficient mutants have altered leaf morphology, with longer petioles and smaller blades, we checked whether metabolism might differ between these two tissues. We found that in rosette, leaf blade and petiole tissue, metabolite levels were consistently highest in the quadruple phyABDE mutant, followed by phyBD, then WT ( Figure 1E -G). Collectively, our data show that in adult plants the impact of phytochrome depletion on glucose, malate and proline levels is extremely robust to environmental perturbation and is widespread across vegetative tissues. Also, for some metabolites there is a switch from under to over accumulation through phy mutant development.
LC-MS/MS analysis reveals phy-dependent changes in phosphorylated sugars and other central metabolites and the sucrose-signal T6P
To gain a deeper understanding of how phytochrome influences primary metabolism, we used LC-MS/MS, as it provides a reliable method to quantify phosphorylated components and other metabolites of central metabolism (Arrivault et al. 2009; Szecowka et al. 2013) . As nany of these metabolites have extremely short half-lives, plant material was rapidly quenched under growth irradiances at 6h into the photoperiod and without exposure to light at the end of the night (24h) in mature 35 day old 12L:12D-grown phyABD and WT plants (Figure 2a ,c). We included samples from 30 day-old WT plants, with the same biomass as the phyABD to control for the possibility that plant size influences metabolite abundance.
In line with our published data, in phyABD we observed elevated levels of TCA components, succinate, iso-citrate, malate and fumarate (Yang et al. 2016 ) (figure 2C, Figure S3 ). Levels of 3-carbon metabolites were similar in phyABD and WT, except for PEP and 3-PGA, which were slightly lower in phyABD during the daytime. Expected diel changes were observed for many of the phosphorylated sugars, whose levels were higher during the day than the night. Interestingly, daytime levels of T6P, Suc6P and Glc1P were higher in phyABD, while Gal1P levels were slightly raised at 6 and 24h time points (figure 2, figure S3 ). These data indicate that phy depletion leads to a shift in the balance of TCA components and major metabolic sugars, as well as the sucrosesignal T6P (John Edward Lunn et al. 2014; .
Phytochrome depletion alters the rate of label incorporation into metabolites
Next we combined time-resolved GC-MS assays with 13 C-CO2 labelling to allow us to track both the diurnal abundance and the flux to individual metabolites. For direct comparison to LC-MS, we again used phyABD and WT 35/30 day-old controls, and younger (17-19 d) WT, phyABD, phyABDE plants. Metabolites were quantified by GC-MS at intervals through a 12L:12D cycle, and 13 CO2 labelling was performed from ZT0 until ZT2 or ZT12 allowed the measurement of metabolic flux to label saturation (Arrivault et al. 2009; Szecowka et al. 2013 ) ( Figure 3A-B ). We estimated label incorporation into individual metabolites by identifying the time point before enrichment saturated, multiplying the enrichment at this time by the abundance of the metabolite at this time., and then normalising the value on that in wild-type plants. This value is an approximate proxy for the minimum rate of synthesis of the metabolite; it will be an underestimate of the rate of synthesis if enrichment in the precursor is less than 100% and if the metabolite is further metabolised.
The heat map ( Figure 3C , Figure S4 ) shows metabolite abundance and 13 C incorporation as the fold-change ratio a given phy mutant and WT. Except for some minor differences, the changes in the phy mutants are broadly similar in different aged plants. Consistent with our published data, Fig. 2 and Supplemental Figure 3 , phy mutants exhibit elevated levels of several organic acids, amino acids, sugars and particularly high levels of malate, and the stress associated metabolites proline and raffinose ( Figure 3C -D, Figure S4-7) .
The 13 C labelling data illustrate that the increased levels of the amino acids proline, glutamine and serine in phy mutants, could result from their increased rates of synthesis from newly fixed C ( Figure 3C , 3). These three amino acids can be synthesized from 2-oxo-glutarate (2-OG), indicating a potential common up-regulation of biosynthetic processes using 2-OG ( Figure 3E ). As 2-OG is not very amenable to GC-MS analysis, we do not have data on its enrichment. However, its abundance was unaltered in the phy mutants according to LC-MS/MS analysis at 6h (figure 2A), in spite of upregulation of most other TCA-cycle components, which is consistent with use of 2-OG for increased amino acid synthesis. Phy-depletion also increases levels and synthetic rates of raffinose and its precursor myo-inositol ( Figure 3C -D), as well as beta-alanine phenylalanine, and glutamine in older plants.
For several metabolites, levels are mildly elevated in phy mutants, but this is not obviously due to faster synthesis from newly fixed C. Examples include amino acids in the oxaloacetate and pyruvate branches such as lysine and threonine, where phydepletion leads to slightly raised levels, but lower or unchanged label incorporation in particular in the old plants ( Figure 3C -E). Pronounced abundance changes are observed for malate, glucose and fructose in phy mutants compared to WT ( Figure 3C -D, S4-7). In the WT, net synthesis of these metabolites is rapid, reaching steady state levels by ZT2. However, the dynamics are quite different in severe phy mutants, that have a higher dawn content, little further accumulation in the first 2 h of the light period and ower initial labelling rates but rising levels later in the daytime with two-fold higher levels at dusk than WT plants. This suggests that daytime demand for these metabolites is lower in phy mutants, or that they accumulate in the vacuole or other organelles.
In summary, the 13 C labelling data indicate that phytochrome depletion alters the flux balance to different sets of metabolites with increased label incorporation into amino acids like proline, serine and glutamine, which are derived from 2-OG. Likewise, phydepletion boosts raffinose and myo-inositol synthesis and abundance, while inducing over-accumulation of glucose and fructose, possibly due to decreased use of these metabolites.
Phytochrome control of stress metabolites likely involves ABA and CBF3
The metabolic profile of phy mutants is reminiscent of metabolic changes observed in response to drought, cold stress and ABA treatment (Cook et al. 2004; Urano et al. 2009; Kempa et al. 2008; Pagter et al. 2017) . In particular, the two metabolites with the highest over-accumulation and synthetic rate, raffinose and proline, have been described as typical stress-induced metabolites in response to cold treatment or drought in Arabidopsis and other plants e.g. (e.g. Xin & Browse, 1998; Hare & Cress, 1997; Gilmour et al, 2000) . Therefore we hypothesized that phy depletion may lead to induction of signalling pathways shared with such stress conditions. Previously we showed that both phyABDE, and the completely phytochrome deficient phyABCDE mutant were insensitive to dose-dependent ABA application, implicating phy in ABA signalling (Yang et al. 2016) . Interestingly, ABA application to WT effectively elicited rises in glucose, fructose, malate, fumarate and proline (Figure 4a , S8). This was also the case in phyABD and phyABDE, but here the ABA-induced changes are less pronounced. In untreated phyABD and phyABDE, proline levels exceeded those in WT plants treated with ABA, and did not alter with ABA application ( Figure 4A ). These data indicate that a common set of metabolites are regulated by phy and ABA, while the reduced ABA-sensitivity of phyABD and phyABDE suggests that phys partly operate through an ABA pathway (Wang et al. 2018 ).
Phy and ABA signaling are known to converge through the interaction of PIF1 and ABI5 (Kim et al. 2016) , and at C-REPEAT BINDING FACTOR (CBF)s (K. A. Franklin and Whitelam 2007) which operate in the cold acclimation pathway. In phyABDE, we observe elevated daytime transcript levels of CBF3, which has previously been shown to have a prominent role in cold induced metabolite over-accumulation (Cook et al. 2004; S J Gilmour et al. 2000) (Fig. 4B ). phyABDE mutants also exhibit elevated daytime expression of the CBF-regulated genes DELTA1-PYRROLINE-5-CARBOXYLATE SYNTHASE (P5CS) 2 ( Fig. 4C ), which catalyzes a key step in proline biosynthesis, and GALACTINOL SYNTHASE (GOLS) 3, that catalyzes the first dedicated de-novo raffinose biosynthetic reaction (S J Gilmour et al. 2000; Taji et al. 2002) . Collectively our data suggest that phy and ABA signalling may intersect in the regulation of metabolism, most notably proline synthesis.
Phy-deficiency does not alter the rate of day-time protein and cell wall synthesis
As metabolite abundance reflects a balance between synthesis and utilization we wanted to establish whether usage of primary metabolites by major metabolite and energy consuming processes differed or was similar in phy-deficient mutants and WT. In growing cells, a large proportion of the free amino acid pool (Hildebrandt et al. 2015) and also indirectly the TCA cycle organic acid pool (Sweetlove et al. 2010 ) are used for protein synthesis. Thus, altered rates of protein synthesis could alter these metabolite pools. Here we used 13 C incorporation methods to measure protein synthesis and, as a further indicator for C utilisation for growth, cell wall synthesis.
First we measured total protein content in plants of different ages and found that in older plants (30/35DAS) protein levels were similar in WT and phyABD. However, in younger plants , protein levels were slightly lower at the start of the day (Fig 5A, fig S9A) . Next, we measured protein synthesis in phyABD and phyABDE compared to WT by measuring the 13C incorporation into alanine in protein hydrolysate, correcting for incomplete labelling of the precursor by measuring enrichment in alanine in the free amino acid pool (Ishihara et al. 2015 ) (figure 5B, S9B). We found that rates of protein synthesis were very comparable between WT and mutant plants. Likewise, we found similar rates of 13 C incorporation into cell wall cellulose in phyABD, phyABDE and WT ( Figure 5C , S9C). Since water content is comparable in adult rosettes ( Fig S1A) , the amount of cell wall material is not expected to differ.
The data therefore suggest that reduced consumption by protein and cellulose biosynthesis is unlikely to be the reason for over-accumulation of those metabolites with decreased synthetic rates. It should be noted that we cannot exclude a partial contribution of these biosynthetic processes as the total carbon content of the excess metabolites in phy mutants is small compared to the daily increase in dry biomass ( Figure S10 ).
The final biomass of phy mutants is determined at the seedling stage
Our published data show that one of the most striking features of severely phy-depleted plants is their reduced biomass, which in the case of phyABDE is only about 20% of WT plants (Yang et al. 2016 ). As we had not detected altered daytime 13 C incorporation into protein and the cell wall in adult plants ( Figure 5C , S9C) at this stage of the life history overall growth rate may be similar in phy mutants and WT. As already mentioned, phy-deficient seedlings had lower metabolites levels (Figure 1 , Figure S1 ). We therefore reasoned that the final biomass phenotype could result from reduced growth during early development.
To test this hypothesis we first measured biomass and calculated the relative growth rate (RGR, = gain in biomass per day / pre-existing biomass) for different time intervals through development. Our data show that phyABD and phyABDE grow at a slower rate than WT until about 2 to 2.5 weeks ( fig 6F) . Thereafter, RGR is comparable to WT.
In agreement with our growth data, phyABD and phyABDE have a reduced rate of net carbon uptake per unit biomass at two but not at 4 weeks after sowing (figure 6A,C). Due to the decreased size of phy mutant cotyledons and first true leaves, when carbon uptake is normalized to cotyledon and leaf area instead of biomass, these differences disappeared (figure 6B,D). This suggested to us that at the fluence rates we had used, reduced leaf and cotyledon area available for photosynthesis in the phy mutants may be responsible for the reduced carbon uptake per unit biomass.
To test this hypothesis quantitatively, we used the Arabidopsis framework model. This model incorporates molecular mechanisms such as the circadian clock and photosynthesis but also carbon resources partitioning, organ formation and architecture, and can be used to simulate plant growth and development in different environmental conditions (Chew et al. 2014) . In our experimental conditions, the model predicted that significant contribution of photosynthesis to growth started at 7 DAS. Therefore, we used individual measurements of cotyledon area of Ler, phyABD and phyABDE plants at EOD of day 7 as the starting cotyledon area in the model for each genotype. The model was calibrated for the WT to match 27 DAS biomass data by changing the input light intensity (supplementary methods). In good agreement with our RGR measurements the model predicts that phy mutants grow more slowly than the WT until about 2 to 2.5 weeks (figure 6F,G). The model simulation also correctly predicted phy mutant leaf area expansion rate during early development and final mature plant biomass. Leaf area and biomass measurements showed that model predictions were very accurate (figure 6H,I).
Taken together, our data show that reduced cotyledon area in phy-depleted seedlings restricts growth during early development, which severely compromises adult plant biomass.
Accelerated seedling growth rescues the phyABD biomass defect
To definitively test whether delayed seedling growth can account for the severe reductions in phyABD adult plant biomass we identified a condition (long photoperiod, 18L:6D, 350µE light intensity) that accelerated early growth of phyABD to WT levels. WT and phyABD seedlings were grown in these condition until 10DAS, after which they were returned to our default 12L:12D, 115µE environment until sampling at 18DAS. Remarkably, this 10 day treatment was sufficient to completely rescue the phyABD adult biomass defect (figure S11A). This data therefore lends supports to the model prediction that slow growth early on can account for the adult biomass phenotype. Interestingly, even though biomass was restored to WT, phyABD still overaccumulated metabolites, suggesting that their accumulation occurs independently of any change in plant biomass-(figure S11B-D).
Discussion phy mutants undergo a developmental switch in metabolism
It is well documented that phy-deficiency invokes a SAR, typified by leaf hyponasty, smaller leaf blades and longer petioles. We previously showed that these phenotypic changes are accompanied by an over-accumulation of sugars, amino acids and organic acids (Yang et al. 2016) . Temporal tracking of malate, proline and starch revealed that these reference metabolites do not over-accumulate in phyABD and phyABDE at the seedling stage, rather, levels tend to be similar to WT or lower. Further, in phyABD and phyABDE seedlings, the balance between starch and glucose is shifted, with low starch and high glucose, when compared to WT. This suggests that carbon partitioning to starch vs sugars is altered in phyABD and phyABDE seedlings. A recent study analysing the starch biosynthesis mutants pgm1, pgi1, agd2, and the starch degradation mutant sex1 showed that seedling hypocotyl elongation negatively correlates with starch levels (de Wit et al., 2018) . Mutants with the longest hypocotyls had the lowest starch levels, suggesting that sugars that are not partitioned to starch are used to grow. The shift in the balance of starch and glucose may therefore contribute to the extreme elongated hypocotyl phenotype of phyABD and phyABDE seedlings.
We established that in adult phy-deficient plants, glucose, malate and proline overaccumulation is robustly observed over wide-ranging conditions, in petiole as well as blade tissue, and in the Col-0 and Ler accessions (Figure 1) . In phyABD and phyABDE, metabolites begin to over-accumulate after 2 weeks, which coincides with the time mutant relative growth rate (RGR), which is initially slow, has adjusted to WT pace ( Fig S1A, Fig 6) .
Phytochrome controls daytime levels of T6P
In agreement with our published work, LC-MS/MS and GC-MS data illustrate that phy depletion enhances TCA cycle intermediates, notably, fumarate, succinate, malate and isocitrate, and several amino acids of which proline and serine show the strongest changes (Yang et al. 2016 ). LC-MS/MS enabled the detection of many phosphorylated and short-lived metabolites like pyruvate or glycerate (Arrivault et al. 2009; Szecowka et al. 2013) . While many of these metabolites were not significantly altered, we established that daytime levels of T6P, Gal-1-P, Glc-1-P and Suc-6-P were elevated in phyABD (Fig 2, Fig S3) . T6P typically parallels levels of sugars especially sucrose (John E Lunn et al. 2006; Yadav et al. 2014) and therefore its increased abundance in phy mutants may be a consequence of sugar over-accumulation. . It has been shown using inducible genetics that T6P stimulates flux to organic acids and amino acids, and that this involves posttranslational activation of PEP carboxylase and nitrate reductase . Thus, the rise in T6P might explain part of the metabolic phenotype in the phy mutants, though not the large increases in proline and raffinose, which were not affected by inducible increases in T6P and are more likely related to an abiotic stress response in phy mutants (see below). Interestingly, T6P has recently been shown to be an indirect modulator of PIF4 activity at higher temperatures (Hwang et al. 2019 ): KIN10, a catalytic subunit of the energy-sensing protein kinase SNF1-RELATED KINASE1 (SnRK1)complex was shown to phosphorylate and destabilize PIF4, preventing its accumulation at high temperatures. Genetic data suggest that T6P can indirectly promote PIF4 action by supressing the kinase activity of KIN10 (Hwang et al. 2019) . As PIF4 levels and activity are likely to be elevated in phy-deficient plants (Lorrain et al. 2008; Johansson et al. 2014) high daytime levels of T6P may augment PIF4 action.
Phytochrome suppresses stress metabolite synthesis in cooperation with ABA
We used a 13 C labelling approach to determine whether phy mutants accumulate higher levels of sugars, amino acids and organic acids due to increased production or decreased downstream usage. In higher order phy mutants raffinose, myo-inositol, proline, serine, glutamine and pyroglutamic acid are synthesized at higher rates (figure 3C,D, figure S4 to 7). As myo-inositol is a precursor of raffinose, and the amino acids can all be synthesized from 2-oxoglutarate ( Fig 3B) (Sengupta et al. 2015) , this suggests that these two synthetic pathways are subject to phytochrome regulation. Interestingly, in contrast to most other TCA cycle intermediates, 2-oxoglutarate levels are not increased in phy mutants according to our LC-MS measurements, indicating that it may be increasingly used for the synthesis of these amino acids. The proline, serine and glutamine synthesis branch is connected to carbohydrate metabolism via short pathways and so their regulation is less energetically costly than other amino acids where synthesis and degradation requires multiple reaction steps (Hildebrandt 2018) .
Proline and raffinose accumulation typically occurs in abiotic stress conditions, such as cold stress, high salinity and drought (Kaplan et al. 2004; Urano et al. 2009; Kempa et al. 2008; Pagter et al. 2017) . Synthesis of glutamine from glutamate is key for nitrogen assimilation into organic molecules and high nitrogen assimilation rates are predicted to occur during cold stress (Hildebrandt 2018) . Thus, phy depletion appears to elicit features of an abiotic stress response. Concurring with this notion, an earlier study showed that low R:FR treatment shade or phy mutations significantly improve freezing tolerance (K. A. Franklin and Whitelam 2007) . Additionally, we provide evidence that the phy-dependent metabolic stress response involves ABA signalling, as the impact of ABA on metabolite levels is perturbed by phy-deficiency (Fig 4, S8) . We also established that CBF3, a known ABA-regulated gene, has markedly elevated expression in phyABDE compared to WT (Fig 4) . As CBF3 over-expression induces metabolic changes with strong similarities to phy deficiency, in particular high proline accumulation, this suggests a potential molecular regulatory route for phy (S J Gilmour et al. 2000) . We also found that phyABDE mutants exhibited elevated daytime expression of P5CS2and GOLS3, which are proline, and raffinose biosynthetic enzymes, respectively (Fig 4) . Both enzymes are encoded by one or more other genes, but specifically these isoforms appear to typically get up-regulated by cold, more so than by drought, with GOLS3 being regarded as a direct CBF target gene (Kyonoshin Maruyama et al. 2004; Taji et al. 2002; Fowler and Thomashow 2002; S J Gilmour et al. 2000; Sarah J Gilmour, Fowler, and Thomashow 2004) . Interestingly, increased ABA levels and high expression of ABA synthetic genes have been reported for the prr975 mutant which also over-accumulates amino acids and organic acids (Fukushima et al. 2009 ). Since PIFs and PRRs mutually repress each other (Martìn et al. 2018) , we speculate that ABA up-regulation is caused either by low PRR or high PIF levels.
In summary, our data is compatible with a model in which signals due to phy depletion converge with stress signaling, in particular ABA and CBFs, to control increased synthesis of typical stress metabolites, and potentially also other components.
Phytochrome controls glucose and fructose synthesis and diurnal dynamics
A number of metabolites, including several amino acids, were mildly elevated by phydeficiency, and for the majority we did not detect any sizeable changes in synthesis rates. In contrast, the sugars glucose and fructose accumulated to much higher levels in phy mutants in the later part of the light period. In the WT, synthesis of glucose and fructose from ZT0 is rapid, reaching steady-state levels by ZT2 and then declining through the night. At ZT0 phy mutants typically have slightly higher sugar levels than WT, initial label incorporation rates are slower, but glucose and fructose continue to rise, greatly exceeding WT levels during the later part of the day.
The results of our growth experiments and 13 C incorporation into protein and cell wall did not give evidence for reduced usage of carbon by cell wall growth or protein biosynthesis. Therefore, the down-regulated processes responsible for the decreased usage have yet to be identified and, given the relatively small size of the sugar pools, may be rather minor Nevertheless, we have shown that phytochromes play a role in regulating the abundance of hexoses through the diurnal cycle. It is likely that the changes in sugar abundance affect sugar and energy signalling.
Phys may operate as part of a larger network to regulate sugar levels in leaves in different environmental conditions. Reducing sugar levels in the light period are higher in short than long photoperiod conditions (Mengin et al. 2017) . This is at least partly due to a restriction of C utilization for growth in the light in short photoperiods (Mengin et al. 2017 ) and it has been proposed that this may be due to light signalling being more fully reversed at dawn after a long night than short night (Flis et al. 2016) . As high reducing sugars were also found in the elf3 mutant (Flis et al. 2019 ) (Flis et al., 2019) , it is possible that Phy signalling interacts with outputs from the EC to control leaf sugar dynamics.
Phy action at the seedling stage has consequences for adult plant biomass
Our measurements on 13 C incorporation into protein and the cell wall surprisingly revealed that adult phy mutants do not have a reduced RGR, in spite of their strikingly different biomass and leaf architecture. As seedlings severe phy mutants have low levels of starch and other metabolites ( Fig 1C) , we therefore reasoned that the dramatic biomass reductions observed in higher order phy mutants at the adult stage may be a consequence of delayed early development. We established, by quantifying biomass, that RGR was indeed slower in phyABD and phyABDE compared to WT during early development, but not in adult plants (Fig 6) . Previous studies showed that higher order phy mutant seedlings have lower chlorophyll levels (Strasser et al. 2010; Hu et al. 2013 ). In agreement with these studies, and correlating with our growth data, we demonstrated that phyABD and phyABDE have a reduced rate of net CO2 uptake per unit biomass in seedlings, but not later in development ( figure 6A,C) . We also established that if carbon uptake is normalized to leaf area instead of biomass, the differences between WT and phy mutants diminish ( figure 6B,D) . As phyABD and phyABDE have small cotyledons, it is therefore possible that reduced area available for photosynthesis may be an important factor in limiting carbon uptake. To formally test this idea we used the modular framework model, which provides a means to test the impact of impaired cotyledon expansion on photosynthesis, and plant biomass accumulation (Chew et al. 2014) . Remarkably, by altering starting cotyledon parameters alone, the model could simulate cotyledon area expansion, relative growth rate through development and final plant biomass of WT, phyABD and phyABDE to a high degree of accuracy (Fig. 6) . Thus, Framework model predictions strongly support our premise that final biomass reduction of phy mutants can be explained exclusively by the smaller cotyledon area at seedling emergence. Further corroboration comes from our data showing that a growth accelerating treatment applied at the seedling stage fully rescued the phyABD biomass defect. Our study establishes that the important role that phytochromes play in seedling establishment is critical for setting the pace of growth and ultimately adult plant biomass.
Methods

Plant material and growth conditions
The phy mutants (phyBD (Devlin et al. 1999) , phyABD (Devlin et al. 1999) , phyABDE (K. a Franklin et al. 2003) used in this study were all in the Ler background unless otherwise indicated. All mutants used have been previously described (phyABD mutant in Col0 (Sánchez-Lamas, Lorenzo, and Cerdán 2016), 35S:PIF4-HA and 35S:PIF5-HA (Lorrain et al. 2008) , hy5-215 (Oyama, Shimura, and Okada 1997) .
Seeds were surface sterilised with 30% thin bleach and 0.01% TritonX-100, washed 5 times with sterile water and stratified at 4°C for 4 to 5 days in ddH2O. For gas exchange measurements and the 5 week growth curve analysis, where plants were grown entirely on soil, surface sterilisation was skipped, but 200µM GA4+7 (Duchefa) was added to the water during stratification and then washed off before placing on soil to improve germination of the higher order phy mutants (Sánchez-Lamas, Lorenzo, and Cerdán 2016).
With the exception of gas exchange experiments and the growth curves, stratified seeds were placed on plates (1/2 MS pH5.8, 1.2% agar), and grown at 18°C and 115µE either in LD8:16 photoperiods for experiments with 5 week old plants, or in LD12:12 photoperiods for experiments with younger plants. Exceptions to these conditions were for the experiments testing the conditionality of metabolite over-accumulation (Fig S2,  supplementary methods) , and the growth curve experiment was carried out in LD12:12 entirely. The same-biomass WT control in labelling experiment 1 and the LC-MS experiment was also grown at LD8:16 for 2 weeks and then at LD12:12 until harvesting at 30DAS.
Seedlings were transferred to soil at 14 (for 5 week old plant experiments) or 10 DAS (for younger plant experiments), 7DAS (labelling experiment 2 and 3) or 5 DAS (metabolite measurements in 10 and 14 day old seedlings). Growth conditions were kept the same after transfer to soil except for experiments on 5 week old plants where the light regime was switched to LD12:12.
Plants were sampled at the indicated developmental times and times of the day. In labelling experiments 2 and 3, plating and transfer of WT, phyABD and phyABDE had to be staggered by 1 day such that they were sampled at 17 DAS or 18 DAS or 19 DAS since transfer took too long to complete all three genotypes in one day, but still to allow labelling at the same day. These two were identical except that different seed batches were used.
When plants were sampled at the end of the day (EOD), this was done within the last 30min of the light period. Sampling was done in three replicates with at least 5 plants per replicate. Tissue was quickly cut and flash-frozen in eppendorf tubes in liquid nitrogen. In the case of plants for LC-MS analysis of phosphorylated and short half life metabolites (Fig 2c) , rosettes were flash frozen in a mortar inside the incubator without changing the light exposure of the cut before freezing (Arrivault et al. 2009; Szecowka et al. 2013 ). 13 C labelling with air containing only 13 CO2 instead of 12 CO2 was carried out as described by (Ishihara et al. 2015 ). 13 C labelling was started at light onset and carried out for 24h. Samples were taken in triplicates, with 5 plants per replicate for experiment 1, 25 to 30 plants for experiments 2 and 3, at ZT0 (unlabelled), ZT2, ZT12 and ZT24.
C labelling
ABA treatment
ABA stock solutions of ABA was prepared in 100% DMSO at 50mM (ABA)The final sprayed solution contained 0.01% Silwet and 1.2% DMSO. 3 week old plants were sprayed at the beginning and the end of the day for 2 days, at the beginning and middle of the day on the third day and sampled at the end of the third day of spraying.
Enzymatic metabolite measurements
Without allowing tissue to thaw, samples was crushed with a metal ball in eppendorf tubes using a Qiagen TissueLyzer and aliquots of about 20mg were weighed out and the aliquot weight was recorded for normalisation of metabolite abundance. All soluble metabolites (glucose, fructose, malate, fumarate, proline) were measured from ethanolic extracts as described by (Mengin et al. 2017 ). Glucose units from starch was measured after hydrolysis of the ethanol insoluble pellet after ethanolic extraction as described as in (Mengin et al. 2017) . Protein content for Fig 4a-b was carried out by a standard Bradford assay.
Gene expression analysis
For qRT-PCR analysis, three weeks old plants were used. Total RNA was isolated from approx. 70mg of finely ground tissue using Qiagen's RNeasy Plant Mini Kit with oncolumn RNAase-free DNase digestion. cDNA synthesis was performed using the qScript cDNA Supermix (Quanta Biosciences) as described by the manufacturer. The qRT-PCR was set up as a 10μL reaction using SYBR Green (Roche) in a 384-well plate, performed with a Lightcycler-480 system (Roche). Results were analyzed using the Light Cycler-480 software. Expression values of target genes were normalized to the values of PP2A reference gene. The primers used in this study are given in Supplementary Table 1 .
Sample preparation for LC-MS/MS analysis
For LC-MS analysis of metabolite abundance at ZT6 and ZT24, as well as for analysing label incorporation into S6P, metabolites were extracted from ~15mg tissue aliquots. Measurements and data analysis were carried out as described by (Arrivault et al. 2009 ).
Sample preparation for GC-MS analysis
Soluble metabolites were extracted from ~30mg aliquots with methanol, followed by a phase separation with chloroform and water as described previously (Arrivault et al. 2009; Ishihara et al. 2015) . Protein was extracted from the methanol-insoluble pellet. 50µg protein was precipitated with TCA, washed with acetone and subsequently hydrolysed and neutralised as described by (Ishihara et al. 2015) . After removal of protein from the sample pellet, starch was degraded, cell wall material was hydrolysed and neutralised, as in (Ishihara et al. 2015) .
Derivatisation and GC-MS analysis
After drying soluble metabolites or neutralised hydrolysates, samples were derivatised and prepared for GC-MS and mass spectrometrically analysed as described by (Lisec et al. 2006 ).
Analysis of GC-MS data
The XCalibur TM software (Thermo Fisher Scientific Inc., version 2.2 SP1.48, 2011) was used for identification and quantification of metabolite peaks. cdf files were converted to .raw files and imported into the Processing Setup tool. Peaks were manually assigned by using standards run just prior to the samples, retention index and fragmentation spectra from the metabolite library ('110524_modified_TFLIB (Version_20070220_05)_AFE_FEMS-Martin_C13_Sorbitol.xls' from the Golm metabolite database). The XCalibur TM Sequence batch processing tool was used to identify the metabolites of interest in all samples. Peak selection was manually verified and adjusted were needed, using the XCalibur TM QuanBrowser tool. The metabolite analyte IDs and masses used are included in supplementary dataset 1 The resulting peak abundance data of each dataset was analysed, resulting in metabolite abundance as well as 13C enrichment for each metabolites. Results were normalised by the ribitol abundance as well as aliquot FW. The enrichment data was adjusted for natural occurrence of different carbon isotopes using the corrector software version 10 (Huege et al. 2014 ). The latest time point before saturation of label incorporation was determined for each metabolite, and the corresponding % label incorporation was multiplied by the abundance at the same time point to obtain a measure for the relative incorporation of 13 C label carbon in this time period. Relative abundance and relative incorporation of new carbon were reported in Figures S4-7 and ratios of phy mutant / WT were computed for heatmaps. T-tests were used to determine significant differences between WT and phy mutants.
RGR and protein turnover calculations
RGR and protein turnover were calculated as described by (Ishihara et al. 2015) . For daytime overall RGR, 13C incorporation at ZT12 and ZT24 was used, respectively. For night-time RGR, incorporation at ZT12 was subtracted from incorporation at ZT24, with the SEM of each time point used for error propagation. For Ks values, incorporation of 13C into alanine in protein hydrolysate was used for the same time points as for RGR. To adjust for differences in free alanine labelling, 13C of free alanine at ZT12 was used for day-time Ks, at ZT24 for overall Ks, and the average of ZT12 and ZT24 for night-time Ks.
Photosynthetic gas exchange measurements
For measuring net carbon uptake in 2-week old plants, grown in L12:12, 18°C and 115µE, a multi-chamber system as described by (Kölling et al. 2015) together with a LiCOR-7000 CO2/H2O was used. Each replicate consisted of a pot with at least 20 plants on soil, and 4 replicates were measured for each genotype. Gas exchange was measured after stabilisation in the chambers for 30min at 115µE. Plants were photographed just before measurement for determination of leaf area, and immediately cut off after the measurement to determine total above-ground biomass. Pots with soil were then placed back into the photosynthesis chamber to determine background gas exchange by the soil, which was subtracted from the measurement with plants. For measurement of 4 week old plants, grown in the same conditions as the 2 week old plants, the setup described by (Mengin et al. 2017 ) was used (LI-6400XT Portable Photosynthesis System with a whole-plant Arabidopsis chamber and a 6400-18 RGB light source), with a light intensity of 115µE and 60% humidity and 2 or 3 plants per pot.
Simulation of RGR, biomass and rosette area using the Arabidopsis framework model
Cotyledon area was monitored at EOD from 5 DAS to 10 DAS in WT, phyABD and phyABDE seedlings growing on soil, 110µE, 18°C and LD 12:12. Cotyledon area was analysed using Adobe Photoshop. Plants were transplanted to individual pots after the imaging and were grown in the same conditions until 27 DAS when their above-ground biomass was measured. The framework model was calibrated by changing the light intensity input to correctly predict the WT 27 DAS biomass from the WT cotyledon area at 7 DAS, which is the day the model predicted emergence under the conditions used. Subsequently, the calibrated model was used to simulate cotyledon area, RGR and biomass for all three genotypes, setting the parameter em to the measured cotyledon sizes.
Supplementary tables
Supplementary table 1: Primers for qPCR (5' to 3')
Target
forward TAACGTGGCCAAAATGATGC reverse GTTCTCCACAACCGCTTGGT Figures 1 to 6 , See below Figures S1 to 11 , see below
Figures
Supplementary Figures
Supplementary data
Data S1: All GC-MS and LCMS data.
Supplementary methods
Growth conditions for testing conditionality of metabolite over-accumulation
Our reference conditions for these experiments were as described for 5 week old plants in the methods section in the main test. For measurement in different photoperiods (Fig S2A-C) , plants were either kept at LD8:16 after the initial 2 weeks in short days, or moved to either LD12:12 or LD16:8 for the remaining 3 weeks. To test the effect of light intensity (Fig S2D-F) , plants were grown in our reference conditions but were moved to different light intensities for the last 3 days before sampling at the end of the day. For temperature experiments ( Fig  S2G-I) , plants were moved to either 16°C or 22°C 4 days prior to sampling.
Water content measurement
For water content measurements (Fig S1A) , fresh weight (FW) of groups of seedlings was determined which were then dried at 80°C for 3 days and weighed again for dry weight (DW) and water content was calculated ((FW -DW) / FW * 100%). Samples were harvested and frozen inside the incubator to preserve phosphorylated and short-lived metabolites. Workflow of sample preparation for GC/MS and data analysis. Rate of ¹³C label incorporation was calculated by multiplying the abundance at a given time point by the fraction of ¹³C in the metabolite at the same time point. C) Heatmap displaying fold change in abundance (left) and rate of ¹³C label incorporation (right, '¹³C inc.') of phy mutant / WT control. For experiment 1, fold change in phyABD is shown compared to the same age and same biomass controls, for experiment 2, fold change over WT is shown for phyABD and phyABDE. All abundance time points are shown, but only the most suitable time point for the rate of label incorporation (time indicated in the rightmost column), which are the latest time points before label saturation (typically 2 or 12h). Rows are sorted by decreasing average fold change in label incorporation. Blue and red denote higher and lower values in the phy ko, respectively. Grey: values that could not be determined. * p < 0.05, two-sided t-test. D) Plots of abundance and label incorporation of selected metabolites from experiment 1. E) Simplified and generalized daytime metabolic pathway map illustrating the observed changes in abundance and ¹³C incorporation. 
